Abstract. The South Asian High (SAH) is an important component of the summer monsoon system in Asia. In this study we investigate the location and drivers of the SAH at 100 hPa during the boreal summers of 1979 to 2014 on interannual, seasonal and synoptic time scales using six reanalyses. Special focus lies on the bimodality of the SAH, i.e. the two preferred modes of the SAH centre location: the Iranian Plateau to the west and the Tibetan Plateau to the east. We find that only the National Centers for Environmental Prediction -National Center of Atmospheric Research (NCEP/NCAR) reanalysis shows a clear bimodal 5 structure of the SAH centre distribution with respect to daily and pentad (5-day mean) data. Furthermore, the distribution of the SAH centre location is highly variable from year-to-year. As in simple model studies, which connect the SAH to heating in the tropics, we find that the mean seasonal cycle of the SAH and its centre are dominated by the expansion of convection in the South Asian region (70°E -130°E x 15°N -30°N ) on the southeastern border of the SAH. A composite analysis of precipitation and OLR data with respect to the location of the SAH centre reveals that a more westward (eastward) location of the 10 SAH is related to stronger (weaker) convection and rainfall over India and stronger (weaker) precipitation over the West Pacific.
which show a small peak in this region. Figs. 2a and 2b display the probabilities of the SAH centre to be located in the IM, mid (region between IM and TM) and TM region as diagnosed via daily and pentad data (blue/pink bars for ERA-I/NCEP1) to highlight this difference.
A scatter plot of the daily location of the SAH centre as diagnosed by ERA-I versus NCEP1 (Fig. 3) shows where these differences come from. A notable number of samples falls into the TP region for NCEP1 whereas for ERA-I these samples are 5 spread out over the region ∼40°E -100°E (horizontal line in Fig. 3 ). Conversely, samples that are found in the mid region for ERA-I are spread out over ∼60°E -90°E in NCEP1 (vertical line in Fig. 3 ).
To verify that the results of our analysis do not depend solely on the time period chosen, we have also calculated the onedimensional PDFs for July-August 1980-1994 (same period as used by Zhang et al. (2002) for the pentad analysis). These The obvious discrepancies between NCEP1 and ERA-I lead to the questions, where these differences come from and which reanalysis is correct. However, due to the complexity of the reanalysis models and the subsequent data assimilation, we find it 15 difficult to address these questions directly. Hence, we use a set of six reanalyses to determine the range of results and to see if the SAH exhibits bimodality in the sense of two pronounced (centre) regions over the IP and TP.
Coherent analysis of the SAH centre location in six reanalyses
To get a more reliable answer to the question, whether there is bimodality in the location of the SAH, we employ six reanalysis 20 data sets in a consistent manner. In the following we will show results based on daily, pentad, monthly and seasonal mean data.
For all of these time scales bimodality was found in previous studies. 
Climatology of the SAH at 100 hPa
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Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -362, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 2 June 2016 c Author(s) 2016. CC-BY 3.0 License. Figure 5 shows the location of the SAH based on daily JJA data for the period 1979-2014 (1979-2013 for JRA25) for these six reanalyses.
SAH location based on daily mean data
Obviously, only NCEP1 shows a clear double-peak structure. Note that NCEP2, which has the same native resolution as NCEP1, but includes updated physics and corrections of errors, shows a smoothed out TM. Nevertheless, NCEP2 is the reanal-5 ysis that agrees the most with NCEP1. As an example, only NCEP1 and NCEP2 show a sharp peak over the IP. The reanalyses that show the best agreement are JRA55 and ERA-I. These reanalyses have a high horizontal model resolution (<1°) and use 4D-Var data assimilation (see Table 1 ). Allthough MERRA -also a high resolution reanalysis -does not agree in detail with ERA-I and JRA55, the following points are supported by all three of these reanalyses: the IP seems at least as important as the TP, the SAH is almost as likely located in the region 70°E -80°E as in any other region of the broad centre region 10 (∼50°E-100°E, depending on the reanalysis), the peak over the TP is shifted farther eastward than in the NCEP1 data. We have found similar results for the analysis based on pentad mean data (cf. Fig. 2b ).
Figure 6 again shows the distribution of the SAH location but with a coarser binning (bins of 7.5°). We include this step as we want to look at monthly and seasonal data in the following. With only 108 (36) data points for the monthly (seasonal) data bins of 2.5°result in a low ratio of data points per bin, which is undesirable for producing trustworthy statistics. Moreover,
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sometimes the location of the maximum in geopotential is not unique, i.e. two or more neighbouring boxes have the same geopotential value.
In the coarser resolution, again the PDFs of NCEP1 and NCEP2 show the clearest differences compared to the PDFs of the other reanalyses. There is good agreement of the distributions of JRA25, JRA55, ERA-I and MERRA, the latter showing slightly higher values to the west of the IP and lower values over the IP than the former three reanalyses. We emphasise that 20 the two weak maxima (at approximately 62.5°E and 92.5°E) which appear in JRA25, JRA55, ERA-I and MERRA are not to be overinterpreted as shifting the bins by 2.5°to the right raises the minimum in between and this structure is strongly reduced.
When comparing the distributions of the daily location of the SAH centre for individual years, we have found strong interannual variability (not shown). Despite this interannual variability, peaks in the distribution of individual years, as diagnosed by NCEP1 and NCEP2, usually are consistent with the multiannual mean displayed in Fig. 6 . In contrast, the other reanalyses 25 exhibit more variability, e.g. there are years that show a clear preference of the eastern or western side and some years also exhibit two centres of activity, however with varying geographical position. Figure 7 shows the location of the SAH based on the diagnosis of monthly mean data for JJA 1979-2014 (1979-2013 for JRA25) with 7.5°bins.
SAH location based on monthly mean data
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Here all reanalysis data sets show a bimodal structure with one local maximum close to 60°E and a second maximum close to 85°E (77.5°E for MERRA). Again the best agreement can be found between JRA55 and ERA-I. Analysing the months June, July and August separately shows that in JRA55 and ERA-I this structure is due to the distributions during June and July. In 6 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -362, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 2 June 2016 c Author(s) 2016. CC-BY 3.0 License. both months a double-peak structure with a notably stronger (weaker) TM (IM) in June than in July can be observed, whereas in August the distribution is rather smooth for JRA55 and ERA-I (not shown). For each of the months June, July and August, the distribution of the SAH centre based on NCEP1 (NCEP2) shows the typical bimodal structure with a more pronounced TM (IM) than IM (TM). Common to all reanalyses is that there is a shift of the distribution to the west from June to July and a shift back to the east from July to August. 
SAH location based on seasonal mean data
Based on seasonal mean (JJA-mean) data the SAH shows a bimodal structure in the reanalyses NCEP1, NCEP2 and JRA25 (see Fig. 8 ). Here, NCEP1 and JRA25 show two pronounced peaks over the TP and IP (for JRA25 not visible in Fig. 2d as the eastern maximum occurs at 80°E, which is counted in the mid region), whereas NCEP2 shows only a strong peak over the IP.
In contrast, ERA-I, JRA55 and MERRA show high probabilities over the whole centre region (∼60°E -85°E, depending on 10 the reanalysis).
Our analysis of the SAH centre location at 100 hPa indicates that based on daily, pentad and seasonal data only NCEP1 shows a clear bimodal structure. We emphasise that in particular the results based on daily and pentad data are of interest as they should be linked to the synoptic movement of the SAH. Based on monthly mean data all reanalyses show higher probabilities 15 of occurrence over the TP and IP. The occurrence of the SAH centre based on daily, pentad, monthly and seasonal mean data is summarised in Fig. 2 . We also note that the quantitative results are likely to depend on the height level and time period chosen. Different probability distributions of the SAH with respect to daily, pentad, monthly and seasonal mean data arise as there is no weighting of the strength of the SAH centre with respect to its surrounding. This issue is also addressed with a more visual explanation in the next section., which deals with the characterisation of the movement and identification of drivers of 20 geopotential regarding different time scales.
During the next two sections (Sects. 4 and 5), we will focus on results based on observational and ERA-I data. We choose ERA-I as it is a reanalysis with the most recent data assimilation scheme. Apart from that, our choice is arbitrary and we address the sensitivity of the presented results with respect to the reanalysis partly in the respective section and in Sect. 6.
Movement and drivers of the SAH
25
Simple model studies have shown that constant diabatic heating in South Asia causes a mean UTLS circulation to its northwest, which resembles the climatological SAH (see e.g. Gill, 1980; Hoskins and Rodwell, 1995) . As diabatic heating in the southern monsoon region is largely caused by the latent heat release due to convection, we use OLR as a proxy for convective activity and consequently for diabatic heating. June the maximum in the TP is weak, whereas during August the maximum over the IP is pronounced. Nevertheless, both months contribute equally to the distribution of the SAH based on monthly mean data, whereas based on seasonal mean data, the peak will be detected over the IP only. In 1987 the east mode is found based on seasonal data and a rather smoothed out distribution is found based on the daily analysis.
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To illustrate the climatological connection of OLR and the SAH we display the JJA climatology (1979-2013, i .e. the overlapping time period of NOAA-OLR and ERA-I data) of OLR in Fig. 11 (orange contours). Additionally, we show the climatology of vertical velocities at 100 hPa as diagnosed from ERA-I (colour-shading) and the low level winds are included as grey vectors, e.g. identifying the Somali-Jet, which brings moisture from the Arabian Sea to India.
The deep convective region is located to the southeast of the climatological location of the SAH (dashed black contour ) over the Bay of Bengal. Upward (downward) winds are located on the eastern (western) side of the SAH in agreement with Rodwell and Hoskins (1996) .
The mean seasonal evolution of the SAH location and strength together with OLR during May-September (1979 -2013 ) is shown in Figs. 12 and 13. Until approximately mid July the area of strong convective activity extends northwestwards and retreats southeastwards later. In a similar way the location of the SAH moves northwestwards during the build up of the SAH and 30 southeastwards during the decay phase of the SAH (shifting ∼30°longitudinally and ∼10°-15°latitudinally). The smoothed mean seasonal movement of the SAH as diagnosed from NCEP1 behaves accordingly, however with a slightly smaller amplitude (∼25°longitudinally).
To further study the relation of convection (OLR) with the SAH we investigate the temporal correlation of NOAA-OLR with geopotential at 100 hPa from ERA-I on subseasonal time scales. Therefore, we calculate time lag correlations of OLR aver- is not a reliable measure for convection due to the height of the TP. This might be enhanced by sampling biases due to the sun-synchronous orbit of the NOAA satellites. These biases are more important over land as convection has a stronger diurnal cycle over land than over sea (Liu and Zipser, 2008) .
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The northwest-southeast movement found in the seasonal cycle of the SAH can also be identified on the interannual time scale. Table 2 shows the correlation of longitude and latitude occurrence of the SAH centre for the six reanalysis data sets. The correlation coefficients are calculated based on the seasonal mean and monthly mean data (1979-2013/2014) . For the latter the multiannual mean of each month has been subtracted in order to deseasonalise the data (in the following this will be referred to as deseasonalised monthly mean data).
20
For seasonal mean and deseasonalised monthly mean data all reanalyses show that westward (eastward) movement of the SAH is related to northward (southward) movement.The separate analysis of June, July and August yields that this relationship is strong during June and July (significant on the 10% level in all reanalyses). In August, however, the connection is weaker and gets insignificant for most reanalyses (on the 10% significance level, weakest anticorrelation of -0.08 found in MERRA data).
In summary, we have found that the SAH's location and strength is notably related to the location and strength of convection 25 located on its southeastern border (on climatological, seasonal and subseasonal time scales). This connection is especially prominent in the mean seasonal evolution. Moreover, the seasonal northwest-southeast movement of the SAH is also evident in the seasonal mean and in the deseasonalised monthly mean data in summer, leading to the hypothesis that changes in the location of convection are related to the movement of the SAH on these time scales as well.
Composite analyses of west and east phase 30
Regardless of the existence of two preferred spatial modes of the SAH, it is of great interest to identify signatures that are associated with an eastward or westward location of the SAH centre. In the following the days, months and summers/years with a rather (see exact definition later) westward (eastward) location of the SAH centre, will be termed west (east) days, months 9 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -362, 2016 Manuscript under review for journal Atmos. Chem. Phys. The importance of the location of the SAH centre can be inferred from Fig. 15 , which displays geopotential height composites (grey contours) at 100 hPa together with anomalies of the vertical velocities at 100 hPa for west (Fig. 15a) and east (Fig. 15b) summers during 1979-2013. A year belongs to the west (east) composite if the seasonal SAH centre is located more than 7.5°to the west (east) of the multiannual mean location of the SAH centre (resulting in 8 summers for each composite). During 10 west years the SAH tends to be stronger and negative anomalies in the vertical velocities (i.e. relative upward transport in the order of 25% of the maximum climatological values cf. Fig. 11 ) in the centre region are found. This could be an indicator for stronger confinement and enhanced upward transport during west summers. For the eastern summers, the anomalies are exactly reversed, i.e. regions of anomalous upward motion during west years show anomalous downward motion during east years and vice versa.
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To identify the signatures associated with the longitudinal location of the SAH, we will use composite differences of OLR (NOAA), precipitation (GPCP) and surface temperature (ERA-I). In detail, the respective data are split according to the location of the SAH centre in ERA-I data into a west and an east composite. Finally, the two composites are subtracted from each other (we show results as: west minus east).
We will present analyses based on seasonal mean, monthly mean and daily data during June to August. To separate the effect 20 of the seasonal cycle (see Figs. 12 and 13) from subseasonal processes within the monthly mean and daily data, we use the deseasonalised monthly and daily means of OLR, precipitation and surface temperature (for daily data the June to August period of the smoothed seasonal cycle based on May to September data from 1979-2013 has been removed). Accordingly, the split into east and west phase is done with respect to ±7.5
• deviation from the multiannual summer mean, from the multiannual monthly means or from the smoothed seasonal cycle (see dashed line in Fig. 12 ) of the longitudinal position of the SAH centre.
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The following results are also supported (qualitatively) if we split according to ±1σ, where σ represents the multiannual seasonal, multiannual monthly or multiannual daily standard deviation. Similarly, splitting the data into west (<67.5°E) and east (>80°E) phase or location over the IP and TP (both plateaus as defined before) leads to comparable results. This might be due to the fact that subseasonal variations dominate the seasonal variations. For the seasonal data the three methods give almost the same composites (see Fig. 2d , mean location of 73.5°and standard deviation of ∼9°) and hence similar results.
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Figure 16 shows composite differences of OLR and precipitation with respect to different time scales (for daily data there is no precipitation composite as daily resolved GPCP data is only available since October 1996). For seasonal, monthly and daily data the west (east) composite is comprised of 8, 39, 1222 (8, 38, 1087 ) data points, respectively. Areas that do not reach the 10% significance level are dotted.
Two main regions that show significant differences between west and east phases in OLR and in precipitation are India and the 35 10 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -362, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 2 June 2016 c Author(s) 2016. CC-BY 3.0 License. western Pacific. In detail, OLR is lower (higher) during west (east) periods over India and the Arabian Sea. For the western Pacific the reverse connection is found. Differences in precipitation are accordingly, i.e. lower (higher) OLR values are accompanied by more (less) rainfall. Additionally, there is less OLR in the deep tropics, indicating more convective rainfall in this region during western phases. This is most pronounced in the monthly data (Figs. 16c and 16d ). In comparison with seasonal and monthly mean data (Figs. 16a and 16c) there is an important difference for the daily data (Fig. 16e) , as negative OLR 5 values stretch farther from west to east at approximately 20°N -30°N.
The analysis for June, July and August separately (not shown) shows that in June and July, the significant differences are mostly in agreement with the results found for the monthly JJA data. In August, however, almost no significant differences of precipitation can be found over India.
To check how robust the signatures are, we have also built composites based on NCEP1 geopotential at 100 hPa. In general, 10 the results match those, when the splitting is performed based on ERA-I. Especially for the daily (1344 west; 1305 east) and monthly (35 west; 39 east) mean data the results match well. For the seasonal data (9 west; 10 east) the signatures in OLR and precipitation over India are shifted farther towards the southern slopes of the Himalaya.
We have also performed the composite analysis on reanalysis surface temperature data for ERA-I and NCEP1 (not shown). The results show that surface temperatures are usually lower (up to -1.25 K) during western periods over India, likely associated 15 with heavier rainfall in this region. With respect to the IP (TP), positive (negative) anomalies in surface temperatures get more pronounced on shorter time scales. This is especially the case for ERA-I data, where only the composite based on daily data shows a distinct negative anomaly over the TP, whereas for NCEP1 data the TP and IP anomalies are strong regardless of the time scale. This might be hinting that the importance of heating associated with the two plateaus is of more importance on the shorter time scales. However, the drawback of using reanalysis surface temperature data in the TP (and probably IP) region 20 is that this variable is strongly influenced by the model itself and observational data is very limited in this area. Hence the signatures in surface temperature over the TP might not be reliable and thus rather reflect the models connection of surface temperature over the TP with the location of the SAH.
In short, we have found that the west-east location of the SAH is connected to opposing anomalies of convection and precipitation over India and over the West Pacific with respect to daily, monthly and seasonal data. Stronger (weaker) precipitation 25 over India (the West Pacific) is related to a more westward location of the SAH centre.
Summary and Discussion
The comparison of the daily location of the SAH centre during JJA 1979-2014 as diagnosed from NCEP1 and ERA-I shows that NCEP1 exhibits strong bimodality in its longitudinal location (in agreement with Zhang et al., 2002; Yan et al., 2011) , whereas ERA-I shows only a pronounced signature over the IP. This difference is also visible in the longterm climatology, i.e.
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there is bimodality in the NCEP1 climatology of geopotential at 100 hPa.
In the analysis of six reanalysis data sets (ERA-I, JRA25, JRA55, MERRA, NCEP1, NCEP2) with respect to the location of the SAH we find that only NCEP1 produces a pronounced maximum over the TP and a distinct minimum in the region 67.5°E the SAH, but rather with convective activity over the West Pacific.
The composite difference of OLR based on daily data shows similar results as for the seasonal and monthly data. With respect to the surface temperature composites, we find that the composites based on daily data exhibit strong and significant positive temperature anomalies over TP, i.e. a more eastward location is associated with higher TP surface temperatures.
5
Putting all this together we find that shifts in convection are a main cause for the shift in the location of the SAH (on all time scales). The mean seasonal evolution of the SAH can be connected to the seasonal cycle of convection in the tropical region adjacent to the SAH. On top of the influence through the location of convection, internal variability -i.e. instability of the anticyclone and subsequent westward movement or splitting (Hsu and Plumb, 2000; Popovic and Plumb, 2001 ) -plus external forcing (described by Dethof et al., 1999) influence the location of the SAH on the synoptic time scales. Additional 10 influences from the orography and heating of the TP and IP might also modulate the location of the SAH (e.g. Liu et al., 2007; Zhang et al., 2002, and references therein) . We note that the numerous changes made from NCEP1 to NCEP2 have a large impact on the distribution of the SAH centre location (see e.g. 1979-2014 (1980-1994) with 2 degrees corresponding to 1%.
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